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Transformation by simian virus 40 large T antigen (TAg) is dependent on the inactivation of cellular tumor
suppressors. Transformation minimally requires the following three domains: (i) a C-terminal domain that
mediates binding to p53; (ii) the LXCXE domain (residues 103 to 107), necessary for binding to the retino-
blastoma tumor suppressor protein, pRB, and the related p107 and p130; and (iii) an N-terminal domain that
is homologous to the J domain of DnaJ molecular chaperone proteins. We have previously demonstrated that
the N-terminal J domain of TAg affects the RB-related proteins by perturbing the phosphorylation status of
p107 and p130 and promoting the degradation of p130 and that this domain is required for transformation of
cells that express either p107 or p130. In this work, we demonstrate that the J domain of TAg is required to
inactivate the ability of each member of the pRB family to induce a G, arrest in Saos-2 cells. Furthermore, the
J domain is required to override the repression of E2F activity mediated by p130 and pRB and to disrupt
p130-E2F DNA binding complexes. These results imply that while the LXCXE domain serves as a binding site
for the RB-related proteins, the J domain plays an important role in inactivating their function.

Simian virus 40 (SV40) large T antigen (TAg) can transform
a variety of cell types. Manifestations of the transformed phe-
notype include cell immortalization, growth to a high density,
reduced requirement for serum, anchorage independence, and
the ability to form tumors in various animal models. TAg
achieves this transformation by targeting negative regulators of
cell growth, including p53 and the RB family (pRB, p107, and
p130). p53 and pRB are well-established tumor suppressor
proteins, and their corresponding genes are commonly lost or
mutated in human cancer. While p107 and p130 inactivation
likely contributes to TAg-mediated transformation (see be-
low), there is little evidence that these proteins are tumor
suppressors. However, loss of p130 was recently reported in a
human lung cancer cell line (12).

TAg contains at least three transforming domains. A C-
terminal domain extending from approximately residue 350 to
residue 550 binds to and inactivates p53 (22, 31, 42, 52). The
LXCXE domain (residues 103 to 107) mediates binding to the
retinoblastoma family proteins pRB, p107, and p130 (5, 6, 9,
19, 51). Mutations within TAg that disrupt binding to p53 or
pRB render it unable to fully transform cells (46). An intact
LXCXE domain is required for TAg to transform fibroblasts
derived from Rb-1 knockout mice (3, 51). This result implies
that p130 and p107, in addition to pRB, are likely to be rele-
vant targets of TAg during the transforming process. In addi-
tion to the LXCXE and p53 binding domains, the N-terminal
82 residues of TAg, encoded by the first exon and shared with
small t antigen, are required for transformation (28). Until
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recently, the mechanism by which the N terminus contributes
to transformation was unknown.

The N terminus of TAg shares sequence homology with the
J domain of the Dnal (heat shock protein 40 [Hsp40]) family
of molecular chaperones (20). The J domain consists of ap-
proximately 70 residues that bind to and stimulate the ATPase
activity of specific Hsp70/DnaK family members (47). The res-
idues histidine-proline-aspartate (HPD) are absolutely con-
served within the J domain of all known DnaJ homologs (re-
viewed in reference 39). Substitution mutations in any of these
residues render the J domain defective in activating Hsp70.
Notably, all known polyomavirus large TAg homologs contain
the residues HPD within the first exon (32). Several lines of
evidence suggest that the N terminus of TAg behaves as a J
domain. First, like cellular Dnal proteins, SV40 TAg can bind
specifically to a member of the Hsp70 family of heat shock
proteins (36). Second, point mutations in the highly conserved
HPD residues within the N-terminal J-domain homology re-
gion of TAg disrupt binding to Hsc70 (2). Furthermore, in an
in vitro assay, the N termini of SV40 TAg and small t antigens
were able to stimulate the ATPase activity of a variety of
Hsp70 homologs (41). Finally, the J domains of SV40, JC virus,
and BK virus could each functionally substitute for the J do-
main of Escherichia coli DnaJ and restore the ability of the host
cell to form bacteriophage lambda plaques (21). Collectively,
these results strongly suggest that the N termini of the poly-
omavirus large TAgs function as J domains.

We have previously demonstrated that the J domain of TAg
mediates a perturbation of the phosphorylation status of p130
and p107 and induces rapid turnover of p130 (44, 45). p130 and
p107, like pRB, are normally phosphorylated in a cell cycle-
dependent manner in the mid- to late G, phase (1, 26, 50). In
cells expressing TAg, the normal cell cycle-dependent phos-
phorylation of p130 and p107 is disrupted, and only the fastest-
migrating species of p130 and p107 can be detected. These
effects of TAg are absolutely dependent upon an intact J do-
main; they are abolished by point mutations in the conserved
HPD motif and are restored when the N terminus of TAg is
replaced with a cellular J domain (44).
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Our previous studies also indicated that the J domain of TAg
contributed to TAg-mediated transformation. Mouse embryo
fibroblasts (MEFs) expressing TAg with single-amino-acid sub-
stitutions in the conserved HPD motif of the J domain were
unable to grow to a high cell density or in media containing
reduced (1%) serum (44). However, replacement of the N
terminus of TAg with intact J domains from human Dnal
homologs restored the ability of TAg to fully transform normal
MEFs (44). In a separate study, TAg constructs with deletions
within the N terminus or substitutions in the HPD motif were
also unable to transform C3H10T1/2 and REF52 cells (41).

The studies done to date indicate that the J domain of TAg
contributes to transformation and affects the phosphorylation
status and stability of RB family proteins. Based on this, we
considered that the J domain may contribute to other effects of
TAg on the RB family. Overexpression of pRB, p107, and p130
can induce an arrest in the G, phase of the cell cycle in a
number of cell lines (4, 14, 53, 54). This G, arrest can be
overcome by expression of E2F. It can also be overcome by
expression of cyclins and cdks that phosphorylate and inacti-
vate pRB family proteins and by the viral oncoprotein adeno-
virus E1A (1, 4, 14, 35, 50).

At least some of the growth-suppressing properties of the
pRB family are dependent on their interaction with the E2F
family of transcription factors. E2F-DP heterodimers bind to
specific DNA sequences found in the promoters of many genes
required for cell cycle progression. RB family proteins bind to
these E2F-DP complexes on DNA and repress E2F transcrip-
tional activity during the G,/G, phase of the cell cycle. These
complexes, which can be detected by gel retardation assays, are
disrupted by wild-type TAg, but not by TAg mutants that fail to
bind to the RB family proteins (51).

E2F-dependent transactivation occurs during the G,/S-
phase transition of the cell cycle, when the repressive RB
family proteins have been inactivated by phosphorylation. Ex-
perimentally, this can be studied by assaying the ability of RB
family proteins to repress transcription from an E2F promoter
driving a reporter gene. In such assays, the RB-mediated re-
pression can be relieved by expression of E2F, cyclins or cdks,
or adenovirus E1A (14, 34, 35, 54).

In many assays of RB family protein function, wild-type TAg
can inactivate pRB, as well as p107 and p130, when these
proteins have been included. The ability of TAg to inactivate
pRB function requires the LXCXE domain, which mediates
binding to the RB family proteins. In this study, we address the
role of the J domain of TAg in the inactivation of the RB
family proteins.

MATERIALS AND METHODS

Cells. Cells were cultured in Dulbecco’s modified Eagle’s medium containing
10% fetal clone serum (Hyclone), 100 U of penicillin per ml, and 100 pg of
streptomycin per ml. MEFs expressing wild-type TAg or various TAg mutants
have been described previously (44). Saos-2 cells, an Rb-1 (—/—) osteosarcoma
line, were obtained from the American Type Culture Collection. Saos-2 cells
were transfected by the calcium phosphate precipitation method. The cells were
incubated with the precipitate for 6 h, washed twice with complete medium, and
cultured for an additional 36 h. Cell cycle analysis and luciferase assays of
transfected cells were performed as described previously (15).

Plasmids. The plasmids cytomegalovirus (CMV)-RB (14), pcDNA1-HA-p130
(48), and CMVp107-HA (54) have been described previously. The TAg expres-
sion vectors pSG5-T, pSG5-K1, pSG5-H42Q, pSG5-D44N, pSG5-HSJ1-T,
and pSG5-HSJ1-HQ have been described previously (44, 51). The plasmids
CMVT7DP1 (23) and CMVE2F-4-HA (11) have been described previously. The
luciferase reporter plasmids 3xWT-E2F (24) and dihydrofolate reductase
(DHFR)-luc (pWTluc); the DHFR promoter with a mutant E2F site, pNWluc
(27, 40); and the E2F-1 promoter luciferase construct containing two wild-type
(pGL2-AN) or mutant E2F sites (AE2FA+B) have been described previously
(30). The CD19 expression vector was kindly provided by T. Tedder (Duke
University).
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Antibodies. Immunoprecipitations and Western blot analysis were performed
as described previously (45). The following antibodies were used in this study:
antihemagglutinin (HA), 12CAS (Babco); anti-pRB, XZ77 (Santa Cruz) and
21C9 (a gift of David Cobrinik); anti-adenovirus E1A, M73; rabbit anti-mouse
immunoglobulin G (Sigma); anti-p107, SD15 (Santa Cruz); anti-p130, C-20 (San-
ta Cruz); and anti-CD19 (provided by J. Gibbon, Dana-Farber Cancer Institute).

Gel retardation analysis. Extracts from transfected Saos-2 cells (see Fig. 5)
were prepared by a minilysis procedure (24). Extracts from MEFs expressing
TAg (see Fig. 6) were prepared as previously described (29, 51). The gel retar-
dation assays utilized an oligonucleotide probe that contained the E2F binding
site of the DHFR promoter (38, 51).

Immunoprecipitation-DOC release experiment. Extracts were prepared from
confluent MEFs with TNN extraction buffer (50 mM Tris-HCI [pH 7.5], 150 mM
NaCl, 5 mM EDTA, 0.5% Nonidet P-40, 10 pg of aprotinin per ml, 10 pg of
leupeptin per ml, 0.1 mM phenylmethylsulfonyl fluoride, 4 mM NaF, 0.1 mM Na
orthovanadate) (24) and incubated with either an irrelevant antibody (rabbit
anti-mouse immunoglobulin G and M73) or anti-p130 (C-20) and protein A-
Sepharose (Pharmacia). The immune complexes were washed four times with
NET-N (20 mM Tris-HCI [pH 8.0], 100 mM NaCl, 1 mM EDTA, 0.5% Nonidet
P-40) and once with buffer A (20 mM HEPES [pH 7.5], 50 mM KCI, 1 mM
MgCl,, 10% glycerol, 0.1% Nonidet P-40, 0.5 mM dithiothreitol), resuspended in
15 l of buffer A containing 0.8% deoxycholate (DOC), and eluted on ice for 15
min. The eluate (10 pl) was treated with 15 pl of neutralization buffer (buffer A
containing 1 mg of bovine serum albumin per ml, 0.1 ug of single-stranded DNA
per ml, 0.8% Nonidet P-40, and 6 mM MgCl,) before incubation with the DHFR
probe.

RESULTS

The J domain of TAg is required to relieve RB family-
mediated G, arrest. It has been reported that transfection of
plasmids expressing wild-type pRB, p107, or p130 in the os-
teosarcoma cell line Saos-2 [Rb-1(—/—)], leads to an accumu-
lation of cells arrested in the G, phase of the cell cycle (4, 14,
33, 37, 48, 54). This G, arrest requires an intact RB pocket or
TAg binding domain (13, 18). The arrest can be overcome by
expression of E1A or E2F (34, 35, 54).

We wished to determine whether the J domain of TAg was
required to overcome the G, arrest induced by the RB family
proteins. To address this, we assayed the ability of wild-type
TAg and various TAg mutants to overcome the G, arrest. The
constructs are shown schematically in Fig. 1. They are wild-
type TAg (T), an LXCXE mutant (K1) unable to bind to the
RB family proteins, two single-residue substitutions (H42Q
and D44N) within the conserved J domain HPD motif, a chi-
meric TAg (HSJ1-T) in which the N-terminal J domain has
been deleted and replaced with the J domain from the human
Dnal homolog HSJ1, and, finally, the single-residue HPD mu-
tant (HSJ1-HQ) of HSJ1-T.

In the experiment shown in Fig. 2A, transient expression of
pRB in SaoS-2 cells resulted in a 21% increase in the number
of cells in the G, phase relative to that in the control vector
(defined as zero). There was a corresponding decrease in the
proportion of cells in S phase (not shown). Coexpression of
wild-type TAg could overcome the pRB-induced G, arrest to a
significant extent. In contrast, the RB binding domain mutant
K1 did not override the G, arrest. This indicates that binding
by TAg was necessary for relief of the pRB growth-suppressive
activity.

To determine whether the J domain was also required to
override pRB-dependent G, arrest, several N-terminal mutant
constructs were tested in this assay. The J domain mutants
H42Q and D44N were unable to override the pRB-mediated
growth repression (Fig. 2A), even though they retain the ability
to bind to pRB (reference 44 and data not shown). Replace-
ment of the N-terminal 82 residues of TAg with the J domain
from a human Dnal homolog, HSJ1, restored the ability of
TAg to override the pRB-mediated growth arrest. The corre-
sponding J domain mutant, HSJ1-HQ, was defective. These
results demonstrate that an intact J domain of TAg is required
to overcome a pRB-induced G, arrest.
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FIG. 1. Schematic representation of the TAg constructs used in this study.
The J domain is contained entirely within the first exon of TAg (residues 1 to 82).
The absolutely conserved HPD motif is indicated (residues 42 to 44). Two
mutants of the HPD motif were assayed: a histidine-to glutamine substitution at
residue 42 (H42Q) and a glutamate-to-asparagine substitution at residue 44
(D44N). A mutant containing a point mutation of the RB family-binding
LXCXE motif, glutamine 107-to-lysine (K1), was also assayed. In the last two
constructs, the first exon of TAg was deleted and replaced with the J domain of
a cellular protein. The shaded box indicates the heterologous J domain from the
human DnaJ homolog HSJ1 fused to residue 83 of TAg, resulting in the chimeric
HSJ1-T protein. In the final construct, the histidine-to-glutamine mutation in the
HPD domain was introduced into the chimeric HSJ1-T protein, resulting in the
mutant chimeric protein HSJ1-HQ (44).

In this experiment, the amount of input DNA was adjusted
for each construct to achieve equivalent levels of protein ex-
pression as assayed by Western blotting. As shown in the bot-
tom panel of Fig. 2A, the TAg constructs were expressed at
similar levels, and hence the differences in their ability to
overcome a G, arrest do not result from variation in the level
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of expression. Furthermore, we have previously demonstrated
by pulse-chase experiments that the stabilities of the KI,
H42Q, and HSJ1-T proteins are similar to that of wild-type
TAg (44).

To determine whether the LXCXE and J domains of TAg
were also required to relieve a G, arrest induced by the two
RB-related proteins p130 and p107 in Saos-2 cells, the same
TAg constructs were cotransfected with expression plasmids
for p130 or p107. As was the case for pRB, expression of p107
led to an increase in the percentage of cells in the G, phase of
the cell cycle (Fig. 2B). Expression of wild-type TAg or HSJ1-T
was able to significantly override the p130-dependent G, ar-
rest. In contrast, neither the LXCXE mutant K1 nor the J
domain mutants H42Q, D44N, and HSJ1-HQ could override
the pl07-mediated G, arrest.

Finally, the ability of TAg to override a p130-dependent
growth arrest in Saos-2 cells was also dependent on intact
LXCXE and J domains of TAg (Fig. 2C). These results suggest
that both the LXCXE and J domains are required to overcome
a G, arrest of Saos-2 cells induced by members of the RB
family. The expression of the various TAgs is shown in the
bottom panels of Fig. 2B and C.

The J domain of TAg is required to relieve pRB- and p130-
dependent repression of E2F activity. The ability of RB family
members to induce a G, arrest in Saos-2 cells has been corre-
lated with their ability to repress E2F transcriptional activity
(33, 37). Based on the ability of TAg to override RB family-
mediated G, arrest, it was not unreasonable to ask whether
TAg could also override RB family-dependent E2F repression
and, if so, whether the LXCXE and J domains were both
required for this effect.

Initially, we tested the effect of expression of pRB in Saos-2
cells on the activity of a luciferase reporter construct (3xWT-
E2F) that contained three E2F binding sites and a TATA box
(24). As shown in Fig. 3A, expression of pRB resulted in a
threefold decrease in the activity of 3xWT-E2F. Coexpression
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FIG. 2. An intact LXCXE motif and J domain of TAg are required to override a G, arrest mediated by pRB, p107, and p130. Saos-2 cells were transfected with
a CD19 expression vector (1 ng), pPCMV-RB (A [2 pg when alone and 0.5 pg when cotransfected with T]), pPCMV-p107HA (B [6 g when alone and 2 pg when
cotransfected with T]), or pcDNA1-HA-p130 (C [8 g when alone and 2 ng when cotransfected with T]) and the TAg constructs pSGS5-T (6 pg), pSG5-K1 (6 ng),
pSGS5-H42Q (18 pg), pSG5-D44N (18 pg), pSG5-HSJ1-T (6 pg), and pSG5-HSJ1-HQ (18 pg). Different amounts of input DNA were used to obtain equal levels of
expression of the proteins. Cells were harvested 36 h posttransfection, stained for CD19 and DNA content, and analyzed by flow cytometry (15). The percent increase
in G, cells was calculated by subtracting the value obtained with the CD19 vector alone. The experiment was repeated three times, and the results from one
representative experiment are shown. The Western blot shown below each graph was prepared with extracts from the experiment illustrated. The blot was probed with
an anti-TAg antibody, pAB101, and developed with alkaline phosphatase-conjugated anti-mouse antibody and nitroblue tetrazolium and 5-bromo-4-chloro-3-

indolylphosphate toluidinium salt.
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FIG. 3. Intact LXCXE and J domains of TAg are required to override pRB-
and p130-mediated repression of E2F activity. Thirty-five-millimeter-diameter
plates of Saos-2 cells were transfected in three independent experiments with the
reporter plasmids 3xWT-E2F-luciferase (A and B [0.5 ng]) and CMV-B-galac-
tosidase and pPCMVRB (A [40 ng]) or pcDNA1-HA-p130 (B [0.5 pg]) with the
TAg constructs pSGS5-T (1.5 ug), pSG5-K1 (1.5 ng), pSG5-H42Q (4.5 ng),
pSG5-D44N (4.5 ng), pSG5-HSJ1-T (1.5 pg), and pSG5-HSJ1-T HQ (4.5 ng).
Thirty-six hours after transfection, cells were extracted in situ and assayed for
luciferase activity and B-galactosidase activity to correct for transfection effi-
ciency. Shown is the average of three independently performed experiments =
standard deviation.

of wild-type TAg and HSJ1-T could partially override the RB-
mediated transcriptional repression of this reporter. However,
neither the LXCXE mutant K1 nor any of the J domain mu-
tations could override the pRB-dependent repression of E2F
activity. This demonstrates that the partial override observed
with wild-type TAg requires an intact J domain as well as an
intact LXCXE domain.

We next tested the ability of the pRB-related protein p130 to
repress E2F transcription from this promoter. As in the case of
pRB, expression of p130 repressed the activity of 3xWT-E2F
in Saos-2 cells (Fig. 3B). Furthermore, wild-type TAg and
HSJ1-T could efficiently override the p130-mediated transcrip-
tional repression. The override of p130-mediated repression
appeared to be more complete than the override of pRB-
mediated repression. The reasons for this effect are not clear.
Similar to the effects seen in Fig. 3A, the LXCXE mutant and
each of the J domain mutants were unable to override the
p130-mediated repression of the E2F reporter. This again in-
dicates a requirement for both the LXCXE domain and the J
domain in overcoming the transcriptional repression.

We wanted to assess the ability of TAg to override repres-
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sion of E2F transcriptional activity of a more physiologically
relevant promoter, since the 3XWT-E2F construct used in the
experiments described above is an artificial promoter. The
promoters for DHFR and E2F-1 contain specific DNA binding
sites for E2F as well as several other transcription factors. The
reporter activity for each of these promoters increases several
fold during the G,/S-phase transition, and this increase is de-
pendent on the E2F sites (27, 30, 40). For example, mutations
in the single E2F binding site in the DHFR promoter or the
two sites in the E2F-1 promoter abrogated their cell cycle-
dependent increase in activity.

To test the effect of TAg on the DHFR and E2F-1 promot-
ers, we repeated the experiment described above with p130 to
repress the E2F activity (Table 1). To determine the specific
effect of TAg on E2F-dependent transcription, the activity of
the wild-type promoters was compared to that obtained with
the corresponding mutant promoters lacking functional E2F
binding sites. When p130 was expressed in Saos-2 cells, the
activity of the wild-type DHFR promoter was repressed two-
fold relative to that of the mutant form (Fig. 4A and Table 1).
Coexpression of TAg could efficiently override the repression,
whereas coexpression of the LXCXE mutant K1 or the J do-
main mutants H42Q and D44N could not.

Similar results were obtained with the E2F-1 promoter (Fig.
4B and Table 1). Expression of p130 led to a threefold re-
duction of the wild-type E2F-1 promoter (pGL2-AN) activ-
ity relative to that of the mutant promoter (AE2FA+B). Co-
expression of TAg could efficiently override p130-mediated
repression. However, coexpression of the LXCXE or J domain
mutants had no effect. This is again consistent with a require-
ment for an intact J domain to override p130-mediated E2F
repression.

The J domain of TAg is required to disrupt RB family-E2F
DNA binding complexes. RB family proteins form DNA bind-
ing complexes with the E2F family of transcription factors. We
have previously reported that expression of wild-type TAg, but
not an LXCXE mutant of TAg, could disrupt p130-E2F and
p107-E2F DNA binding complexes (51). Since the J domain
was required to relieve pRB- and p130-mediated E2F repres-
sion, we wanted to determine whether the J domain of TAg
was required for the disruption of p130-E2F DNA binding
complexes. To this end, we reproduced the p130-E2F DNA
binding complex by transfecting its components into Saos-2
cells. Protein complexes were extracted by a protocol that
preserves E2F DNA binding activity from transfected proteins
while virtually eliminating E2F DNA binding activity from
endogenous E2F complexes (24).

As shown in Fig. 5 (lane 2), expression of E2F-4 with DP1

TABLE 1. Effect of SV40 T antigen on p130-mediated repression of E2F-dependent promoters

DHFR promoter

E2F-1 promoter

Transfection Luciferase activity (RLU)* . Luciferase activity (RLU)*
RR” RR¢
Wild type Mutant Wild type Mutant

Vector 50,308 = 5,902 35,769 + 1,509 1.0 14,951 = 808 20,473 * 168 1.0
p130 18,571 = 1,460 26,077 = 1,480 0.51 4,576 = 104 18,241 * 1,238 0.34
+T 38,712 = 4,193 30,417 = 3,462 0.90 10,786 = 601 12,190 = 609 1.21
+K1 10,805 = 695 17,131 = 1,200 0.45 2,122 + 184 9,186 = 509 0.32
+HQ 34,411 = 3,385 43,646 = 734 0.56 7,608 = 732 23,475 = 169 0.44
+DN 31,311 = 2,014 45,961 = 1,823 0.48 6,170 = 606 30,243 + 2,143 0.28

“ Mean luciferase activity (relative light units [RLU]) from three independently performed experiments * standard deviation.

> RR, repression ratios of DHFR wild-type to mutant values normalized to that of the vector by dividing by 1.41.
“RR, repression ratios of E2F-1 wild-type to mutant values normalized to that of the vector by dividing by 0.73.
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FIG. 4. Intact LXCXE and J domains of TAg are required to override p130-
mediated repression of E2F activity on physiological promoters. Wild-type (WT)
DHFR-luc or mutant DHFR-luc reporter (A [0.5 ng]), wild-type E2F-1 (pGL2-
AN) or mutant E2F-1-luciferase (AE2FA+B) (B [0.5 pg]), and CMV-p-ga-
lactosidase and pcDNA1-HA-p130 (0.5 pg), with the TAg constructs pSG5-T
(1.5 ng), pSG5-K1 (1.5 pg), pSG5-H42Q (4.5 pg), pSG5-D44N (4.5 pg), pSG5-
HSJ1-T (1.5 pg), and pSG5-HSJ1-T HQ (4.5 pg), were transfected as described
in the legend to Fig. 3. In panel A, the activity of the wild-type DHFR promoter
reporter was normalized to that of a reporter containing a mutation in the E2F
DNA binding sites. Similarly, in panel B, the wild-type E2F-1 promoter reporter
activity was normalized to that obtained with the mutant reporter in the absence
of p130. In each panel, the average of three independent experiments is shown.

led to the formation of a specific DNA binding complex. If
p130 was coexpressed with E2F-4-DP1, then an additional
DNA binding complex was observed (lane 3). In contrast,
when TAg was coexpressed, the p130-E2F-4-DP1 complex was
significantly reduced (lane 4). Coexpression of the K1 mutant
had no effect (lane 5). J domain mutants of TAg retain the
ability to efficiently associate with p130 via the LXCXE motif
(45). Hence, we considered the possibility that these mutants
may either disrupt p130-E2F DNA binding complexes or al-
ternatively become part of the complex. However, coexpres-
sion of the J domain mutants H42Q (lane 6) and D44N (lane
7) did not disrupt the p130-E2F DNA binding complexes or
change their mobility. When the extracts were incubated with
a variety of anti-TAg antibodies, no change in mobility or
disruption was observed in the p130-E2F complexes of these
cells (data not shown). Therefore, despite an intact LXCXE
domain, the J domain mutations of TAg were unable to inhibit
the formation of p130-E2F DNA binding complexes. Further-
more, we have been unable to detect TAg in these complexes.
The experiment in Fig. 5 indicates that an intact J domain is
required to disrupt p130-E2F DNA binding complexes. This
may provide a mechanistic explanation for the inability of J
domain mutants to override p130-mediated repression of E2F
activity (Fig. 3 and 4).

We have previously shown that stable expression of wild-
type TAg, but not the LXCXE mutant K1, in MEFs greatly
reduces the level of endogenous pl30-E2F and pl07-E2F
DNA binding complexes (51). To determine whether an intact
J domain was also required to disrupt endogenous E2F com-
plexes, we prepared lysates from MEFs that had been estab-
lished with various constructs of TAg (44). Extracts were pre-
pared from growth-arrested cultures that had been confluent
for at least 2 days by using an extraction procedure that pre-
serves endogenous E2F DNA binding complexes (38). As
shown in Fig. 6A, a slower-migrating complex was observed in
extracts prepared from confluent cultures expressing either K1
(Fig. 6A, lane 2) or H42Q (lane 3). However, in extracts from
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cells expressing wild-type TAg or the HSJ1-T chimera (lanes 1
and 4), only the faster-migrating free E2F was observed. This
experiment demonstrates that an intact J domain is required to
disrupt endogenous E2F DNA binding complexes. The specific
DNA binding activity of the indicated complexes was deter-
mined by competition with unlabeled competitor DNA (data
not shown). For reasons presently unknown, there reproduc-
ibly appeared to be less free E2F DNA binding activity present
in extracts prepared from cells that expressed the H42Q mu-
tant (compare levels of free E2F in lanes 3 and 2).

To confirm that the slower-migrating complex observed in
the K1- and H42Q-expressing cell lines contained pRB family
proteins, antibody supershift experiments were performed with
the same extracts used in Fig. 6A. An anti-p130 antibody was
able to supershift the majority of the slower-migrating complex
in extracts prepared from K1-expressing cells (Fig. 6B, lane 2)
and H42Q-expressing cells (lane 8). An anti-pl07 antibody
supershifted a fraction of the complex, indicating that the com-
plex also contained some p107 (lanes 3 and 9). An anti-pRB
antibody could also supershift some of the slower-migrating
complex (lanes 4 and 10). Two control antibodies, normal
rabbit serum (NRS), and M73, an antibody against the adeno-
virus E1A protein, had no effect on the E2F DNA binding
complexes (lanes 5, 6, 11, and 12). Hence, an intact J domain
was required to disrupt endogenous E2F DNA binding com-
plexes of all three pRB-related proteins in confluent MEFs.

As an independent assay of the ability of p130 and p107 to
associate with E2F in cells expressing TAg, we performed an
immunoprecipitation-DOC release experiment (Fig. 6C) (24).
Lysates prepared from confluent cultures of MEFs were im-
munoprecipitated with an anti-p130 antibody or with a control
antibody. Immune complexes were denatured by DOC, fol-
lowed by renaturation in the presence of Nonidet P-40. The
treated lysates were then subjected to gel shift analysis with the
DHFR probe. When immunoprecipitations of p130 were
treated in this manner, E2F activity was only coprecipitated
with p130 in MEFs that expressed K1 (Fig. 6C; lane 6) or
H42Q (lane 7). In contrast, no E2F DNA binding activity was
immunoprecipitated by the p130 antibody from MEFs express-
ing wild-type TAg (lane 5) or HSJ1-T (lane 8). A control
antibody did not precipitate E2F DNA binding activity from
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FIG. 5. Intact LXCXE motif and J domain of TAg are required to disrupt
p130-E2F DNA binding complexes. Saos-2 cells were transfected with CMVE2F-
4-HA (2 pg) and CMVT7DP1 (0.5 pg) (lanes 2 to 7), pcDNA1-HA-p130 (8 pg
when alone [lane 3] and 2 pug when cotransfected with a TAg construct [lanes 3
to 7]), and T, as shown by the constructs pSGS5-T (6 ng [lane 4]), pSG5-K1 (6 p.g
[lane 5]), pSG5-H42Q (18 pg [lane 6]), and pSG5-D44N (18 pg [lane 7]).
Thirty-six hours after transfection, extracts were prepared by the minilysis pro-
cedure (24), incubated with an oligonucleotide containing the DHFR promoter,
and separated in a nondenaturing polyacrylamide gel.
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FIG. 6. Intact LXCXE motif and J domain are required to disrupt endogenous E2F DNA binding complexes. Gel retardation assays were performed with extracts
prepared from confluent MEFs that stably expressed either TAg, the LXCXE mutant K1, the J domain mutant H42Q, or the chimeric protein HSJ1-T. (A) Extracts
were incubated with an oligonucleotide from the DHFR promoter as in Fig. 5. (B) The complexes observed with extracts from cells expressing K1 or H42Q (lanes 2
and 3 from panel A) were incubated with a panel of antibodies. (C) Immunoprecipitation-DOC release of E2F DNA binding activity. Extracts prepared from confluent
MEFs were immunoprecipitated with the control antibody M73 (anti-adenovirus E1A [lanes 1 to 4]) or with anti-p130 antibody (lanes 5 to 8). Immune complexes were
denatured and then renatured as described in Materials and Methods and incubated with the DHFR promoter as in Fig. 4.

any of the cell lines. This confirms that an intact J domain is
required to dissociate p130-E2F complexes.

DISCUSSION

Several domains participate in TAg-mediated cellular trans-
formation, including the p53 binding domain, the LXCXE or
pRB-binding motif, and the N-terminal J domain. In the
present study, we determined that the N-terminal J domain
cooperates with the LXCXE motif to inactivate the growth-
suppressive properties of pRB, p107, and p130, as well as to
inhibit the ability of pRB and p130 to repress E2F-dependent
transactivation. Furthermore, the J domain as well as the
LXCXE motif is required to disrupt RB family-E2F DNA
binding complexes. While an intact LXCXE domain was re-
quired for each of these activities, it was not sufficient. There
was an absolute requirement for an intact J domain as well.
These results indicate that while LXCXE serves as a binding
motif, necessary for TAg interaction with each member of the
RB family, inactivation of RB family function requires the J
domain as well.

The growth-inhibitory activity of pRB and p130 has been
shown to correlate with their ability to bind to members of the
E2F family of transcription factors and repress E2F-dependent
promoters (25, 33). Results with p107 have not been as clear-
cut, but E2F binding is still likely to be important for growth
inhibition in most cell types (43, 53). Our results strengthen
this hypothesis. We have not been able to separate genetically
the ability of TAg to override RB family-mediated growth
arrest from its ability to derepress E2F-dependent transcrip-
tion. This suggests that the basis for the requirement for the J

domain in both assays is likely to be the derepression of E2F-
dependent genes. The J domain is also necessary for inactiva-
tion of p130 and p107 during TAg-mediated transformation
(44). Given that p130 and p107 regulate a subset of E2F-
dependent genes (16), it will be interesting to know whether
these genes are derepressed by TAg in a J domain-dependent
manner.

While the biochemical mechanism leading to the derepres-
sion of E2F-dependent genes is not yet fully understood, two
possibilities, which are not mutually exclusive, deserve consid-
eration. One possibility, discussed further below, is that the J
domain is necessary in order for TAg to compete efficiently
with E2F for binding to RB family proteins. Another possibility
is that the role of the J domain is to inactivate RB family
members by perturbing the stability or phosphorylation status
of RB family proteins. We have previously shown these activ-
ities to be absolutely J domain dependent. Furthermore, the
steady-state levels of endogenous p130 are lower in MEFs
expressing wild-type TAg than in MEFs expressing J domain
mutants of TAg (44).

Binding of the LXCXE motif of TAg to RB family proteins
is not sufficient for disruption of RB family-E2F complexes and
inactivation of their growth-suppressive properties. This is
reminiscent of the adenovirus E1A oncoprotein, which also
targets the RB family of proteins. Like TAg, adenovirus E1A
contains an LXCXE motif essential for binding to RB family
proteins (49). A second domain, contained within conserved
region 1 (CR1), is also required to disrupt RB family-E2F
complexes (7, 10). E1A containing a mutation in CR1 could
associate with pRB-E2F and p107-E2F DNA binding com-
plexes, but was unable to disrupt them. In this case, the CR1
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mutant of E1A became part of the E2F DNA binding com-
plexes (17). There are two significant differences between E1A
and TAg. First, there is no homology between the J domain of
TAg and CR1 of E1A (8). In fact, E1A does not contain any
region of homology to the J domain of Dnal proteins. Second,
we have not been able to detect the J domain mutants of TAg
as components of RB family-E2F complexes.

This study, along with the work on E1A, suggests that there
is more to the oncoprotein-RB family protein interaction than
simple binding of the LXCXE motif of the viral oncoprotein to
the RB family proteins. It appears that in spite of the common
LXCXE motif, the adenovirus E1A and SV40 TAg viral on-
coproteins have adopted different strategies to mediate com-
plete inactivation of the RB family proteins. The detailed study
of these mechanisms should provide a new insight in the biol-
ogy of the oncogenic proteins of DNA tumor viruses, as well as
a new understanding of the regulation of RB family members
and E2F-dependent transcription.
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